aetiology of acute watery diarrhoea in hospitalized children in Goroka, Papua New Guinea.
Materials and methods

Sample collection
Stool samples were collected from children <5 years of age hospitalized with acute gastroenteritis at Goroka General Hospital, Papua New Guinea from August 2009 through November 2010. Goroka is the provincial capital of the Eastern Highlands Province of Papua New Guinea, and Goroka General Hospital is the major referral hospital for the region and has a catchment population of approximately 450 000 people. Children were considered eligible for inclusion in the study if their parent/ guardian reported acute watery diarrhoea (>3 loose bowel movements in the last 24 h) and no blood or mucous was observed in the faeces. Dysentery samples were excluded from analysis because sample collection was designed for acute watery diarrhoea surveillance as part of the Western Pacific Region Rotavirus Surveillance Network (World Health Organization). All samples were collected within 48 h of hospitalization and transported to the laboratory at 4 8C and then aliquoted and stored at À80 8C.
Detection of enteric pathogens
Nucleic acids were extracted from the stool samples using the Qiagen DNA Stool Mini Kit (Qiagen, Germany) in accordance with the manufacturer's instructions. Eluates were stored at À80 8C until required for testing.
Eluates from the stool samples were tested for a range of viral and bacterial enteric pathogens using real-time PCR/RT-PCR assays ( Table 1) . [27] [28] [29] [30] [31] [32] [33] RNA viruses (rotavirus, norovirus G1 and G2, sapovirus, and astrovirus) were detected in individual reactions using the QuantiTect Multiplex Real-Time RT-PCR Mastermix (Qiagen, Germany). DNA viruses (adenovirus types 40/41) and bacteria (Shigella spp, Salmonella spp, Vibrio cholerae, Campylobacter spp, enteropathogenic Escherichia coli (EPEC) and enterotoxigenic E. coli (ETEC)) were detected in individual reactions using the QuantiTect Multiplex Real-Time PCR Mastermix (Qiagen, Germany). All reaction conditions were those given in the Mastermix manufacturer's instructions. Negative and positive controls were included in each run to ensure the validity of results.
Sample size and statistics
We calculated sample size based on historical data from this setting, where the most important pathogens were detected in at least 4% of cases. 5 To enable detection of pathogens with a prevalence of 8% to a precision of AE4% at a 95% confidence level, we required a sample size of 177. Pathogen prevalence was calculated in Microsoft Excel and expressed as a percentage of positive samples in relation to the total number of samples tested.
Results
Stool samples were collected from 199 children <5 years of age (109 male and 90 female) admitted with acute gastroenteritis to Goroka General Hospital. The age range of the children was 1-60 months, with a median age of 10 months. There was no significant difference in the detection of any enteric pathogens between males and females (Fisher's exact test, data not shown). Analysis of the age distribution of infections between children aged <1 year (n = 125) and children aged 1-5 years (n = 74) showed no significant difference in the detection rate of pathogens between the two age groups (Fisher's exact test, data not shown). Young children were much more likely to be admitted to hospital with acute gastroenteritis, with 62.8% of patients aged <1 year and 88.4% aged <2 years.
An enteric pathogen was detected in 69.8% (n = 138) of stool samples collected from children hospitalized with acute gastroenteritis. Table 2 shows the distribution of pathogens found in the stool samples. Shigella spp (26.6%, n = 53), rotavirus (25.6%, n = 51), and adenovirus 40/41 (11.6%, n = 23) were the enteric pathogens most commonly detected. EPEC strains were detected in 8.5% (n = 17) of patients. The majority (n = 13) of the EPEC strains detected were classified as atypical, based on the absence of the EPEC adherence factor (EAF) plasmid. ETEC strains were detected in 11.1% (n = 22) of the samples, with the ETEC toxin genes ST and LT detected in 7% (n = 14) and 6% (n = 12) of samples, respectively. Both toxin genes were detected in four samples; however, without isolation of E. coli strains we cannot ascertain whether multiple strains were present in individual samples or single strains contained both toxin genes. Campylobacter spp (4.0%, n = 8) was the only other pathogen detected within the limits of detection for this study; other enteric pathogens such as norovirus G1, norovirus G2, sapovirus, and Salmonella spp occurred sporadically (in <10% of patients) but below our statistical limit of detection. Astrovirus and V. cholerae were not detected in any patients. Mixed infections were detected in 22.1% (n = 44) of patients, with Shigella (13.1%, n = 26) and rotavirus (11.1%, n = 22) the pathogens most commonly detected in mixed infections. Other co-infections were also detected at a high frequency (Tables 2 and 3 ).
Discussion
We have clearly demonstrated the importance of Shigella and rotavirus in childhood enteric illness in the highlands of Papua New Guinea. These results support our recently published findings in the same setting investigating the prevalence and epidemiology of rotavirus in children, 6 and the high prevalence of Shigella detected by culture in adults and children seeking outpatient medical assistance. 9 The findings are also consistent with global trends, with a recent multicentre case-controlled study finding Shigella, rotavirus, and ETEC to be commonly associated with moderate to severe childhood diarrhoea. 10 We did not speciate Shigella in this study; however, our recent study in adults and children showed Shigella flexneri to be the most commonly isolated species. 9 Other studies in this setting have shown that antimicrobial resistance in Shigella strains is a major concern, with multidrug resistance detected in the majority of samples. 8, 9 The World Health Organization now recommends ciprofloxacin as the drug of choice for all patients with dysentery; 11 to date resistance to ciprofloxacin has not been reported in Papua New Guinea.
In this study we did not type rotavirus, however the globally circulating strains G1P [8] , G3P [8] , and G2P [4] were recently demonstrated to be the most prevalent in this setting. 6 Routine rotavirus vaccination has not been initiated in Papua New Guinea, so pre-existing immunity due to vaccination is unlikely to have influenced the incidence of rotaviral disease.
Enteric parasites were not targeted, but it is likely that pathogens such as Cryptosporidium spp and Giardia spp play an important role in gastrointestinal illness in children in this setting. A study by Phuanukoonnon and colleagues 12 found Giardia to be common in pregnant women in the highlands of Papua New Guinea; so transmission to children would seem likely. In other low-income settings Cryptosporidium spp are important pathogens, as demonstrated in the recent case-controlled multicentre study. 10 Further parasitological investigations are warranted in this setting, particularly given that parasitic gastrointestinal infections may have impacts beyond enteric illness (e.g. childhood development).
Although this was not a case-control study, our investigation provides important data on the presence of enteric pathogens in children presenting with diarrhoeal illness. A previous case-control study by Howard et al. 5 detected rotavirus in 23% (odds ratio 18.2) and Shigella in 13% (odds ratio 9.6) of children hospitalized with diarrhoea. On this basis, and the established knowledge that these are globally important enteric pathogens, we are confident that these pathogens are the major contributors to childhood diarrhoeal illness in this setting. The detection of Shigella at a higher rate than rotavirus and all other pathogens in the present study is noteworthy, particularly as children with blood or mucous in their stools were omitted from the study. Acute watery diarrhoea is commonly reported as the initial phase of shigellosis, preceding dysentery, and is often the only symptom during mild infections. 13 In Papua New Guinea, Shigella seems to be very prevalent in the community and dysentery outbreaks are frequently reported. The importance of Shigella in Papua New Guinea is exemplified by a recent outbreak of Shigella in an internally displaced population, which spread to the surrounding community and resulted in approximately 1200 cases of shigellosis and 5 deaths. 34 Mixed infections were detected at a high frequency in this study (22.1%), which is comparable to the level of co-infections detected in a diarrhoeal aetiology study conducted in Tanzania (20.7%) 14 and consistent with the high level of co-infections detected in other developing settings such as Jordan (15.5%), 15 Libya (13.8%), 16 Vietnam (13.5%), 17 and Brazil (11.0%). 18 In comparison, coinfections are typically reported at lower frequency in developed settings, e.g. Italy (9.8%), 19 Denmark (1.9%), 20 and France (1.1%). 21 These findings may be associated with increased levels of enteric pathogens in the environment due to poor levels of sanitation and hygiene in developing settings.
A recent study estimated the incidence of paediatric diarrhoea in 140 countries. 1 The study indicated that Papua New Guinea had the highest incidence of paediatric diarrhoea in the Western Pacific Region for all age groups (0-5, 6-11, 12-23, and 24-59 months). These figures may be a reflection of the poor access to safe water sources and improved sanitation (approximately 40% and 45% coverage, respectively) throughout the country. 22 Interventions to target all enteric illness are urgently required in Papua New Guinea and other developing settings, and improved sanitation and hygiene would greatly contribute to decreasing the burden of these illnesses. 23, 24 Further interventions such as educational campaigns to improve hygiene, hand-washing with soap, and exclusive breastfeeding in young infants should also be considered, as they have been shown to significantly reduce enteric illnesses in children. 25, 26 Moreover, further study and targeting of specific pathogens such as Shigella and rotavirus, and determining the interactions between major and lesser enteric pathogens, may also be warranted in the future. associations also include instances where more than two pathogens were detected in a sample. b These pathogens were detected at levels below our statistical limit of detection. a The proportion of occasions that a pathogen was associated with a co-infection.
